Abstract The ability of the intervertebral disc to resist compression is dependent on its high proteoglycan concentration. The disc proteoglycans are classified as aggregating or non-aggregating depending on their ability to interact with hyaluronan. The majority of the aggregating proteoglycans are derived from aggrecan, though their glycosaminoglycan substitution pattern has not been determined. In contrast, the origin of the non-aggregating proteoglycans is unclear, though it has been postulated that they are derived from aggrecan by proteolysis. The present work demonstrates that keratan sulfate (KS) in the glycosaminoglycan-binding region of disc aggrecan is confined to the KS-rich domain of the core protein and is not present in association with chondroitin sulfate (CS) in the CS1 and CS2 domains. It also shows that the non-aggregating disc proteoglycans are derived from aggrecan, with the large molecules possessing both the KS-rich and CS1 domains and the smaller molecules being generated from either the KS-rich or CS2 domain. The origin and spectrum of disc proteoglycan heterogeneity is the same in both the annulus fibrosus and nucleus pulposus.
Introduction
The intervertebral discs separate the vertebrae of the spine and permit the twisting and bending associated with spine mobility. The discs are composed of two regions that are structurally and functionally distinct [3, 16] -the outer annulus fibrosus (AF) and the central nucleus pulposus (NP). The AF consists of concentric lamellae rich in collagen, whereas the NP is more gelatinous in texture and is rich in proteoglycan. It is this proteoglycan that provides the disc with its osmotic properties and its ability to resist compressive loads [33] . During early adult life the proteoglycan content of the NP declines [1] and is to some extent compensated by an increase of proteoglycan content in the inner AF, which may provide functional compensation [21] . It is unclear whether this change is a true consequence of age, or is associated with disc degeneration which increases throughout life [6, 19] .
The disc proteoglycans can be divided into two populations [5, 13] -aggregating proteoglycans, which have the ability to interact with hyaluronan (HA), and nonaggregating proteoglycans. The aggregating proteoglycans are mainly derived from aggrecan [16] , though versican, another member of the hyalectan family of proteoglycans, is also present [30] . The non-aggregating proteoglycans contain members of the small leucinerich repeat proteoglycan (SLRP) family [26, 29] , but the majority of this population are larger in size than the SLRPs and have been postulated to be proteolytic degradation products of aggrecan [22] . Such nonaggregating proteoglycans are present in greater abundance than the aggregating proteoglycans [11] .
Aggrecan consists of a large core protein that is substituted with multiple chondroitin sulfate (CS) and keratan sulfate (KS) chains [9, 34] . In an amino-terminal to carboxy-terminal orientation, the aggrecan core protein can be divided into seven structural domains [7] -the G1 domain (a globular domain responsible for the interaction with HA), the interglobular domain (IGD), the G2 domain, the KS-rich domain, the CS1 domain, the CS2 domain, and the G3 domain (Fig. 1) . The adjacent KS-rich, CS1 and CS2 domains collectively constitute the glycosaminoglycan (GAG)-binding region. At present it is unclear whether KS and CS substitution are confined to unique domains, or whether they can occur throughout the GAG-binding region. KS abundance increases considerably with juvenile development [28] , and it has been postulated that in the adult some of the additional KS may be in the CS1 or CS2 domains [16] .
The purpose of this work was to address some of these deficits by determining where KS substitution occurs on the aggrecan core protein, how the major non-aggregating proteoglycans are related to aggrecan, and whether the proteoglycan heterogeneity in the AF is analogous to that in the NP.
Methods

Tissue source
Intervertebral discs from the lumbar spine were obtained at the time of autopsy from individuals ranging in age from the fetus to the mature adult. With the exception of fetal tissue, discs were divided into AF and NP regions for proteoglycan extraction. Articular cartilage was also obtained from the femoral condyles of a young adult.
Proteoglycan purification
Disc tissue was finely divided with a scalpel into pieces 1-2 mm in each dimension. For younger individuals, tissue from adjacent discs was pooled to maximize yields. The tissue was extracted with ten volumes 4 M guanidinium chloride, in the presence of proteinase inhibitors, at 4°C for 48 h [24] . The filtered extracts were dialyzed to associative conditions, and proteoglycans were separated from other matrix proteins by CsCl density gradient centrifugation, with a starting density of 1.5 g/ml [2] . Proteoglycans were recovered from the fractions having a density greater than 1.55 g/ml (A1-preparations). The A1-preparations were divided into aggregating and non-aggregating proteoglycans by gel filtration through Sepharose CL-2B. The aggregating proteoglycans were recovered at the void volume (A1Vo-preparation) and the non-aggregating proteoglycans were recovered in the included volume as two pools of equal GAG content (A1Vi1 and A1Vi2-preprations). An A1-preparation was also generated in an analogous manner from articular cartilage.
Enzyme treatments
Proteoglycan solutions (1 mg/ml) were digested with trypsin (20 lg/mg proteoglycan) in 50 mM Tris, 150 mM NaCl, 1 mM CaCl 2 , pH 7.5 [20] . Incubations were overnight at 37°C, and enzyme activity was then inhibited by adding soybean trypsin inhibitor (5 lg/lg trypsin). Subsequent chondroitinase digestion was carried out following dialysis into 100 mM Tris, 100 mM sodium acetate, pH 7.3, using chondroitinase ABC (50 lU/lg proteoglycan) [25] . Alternatively, keratanase digestion was carried out following dialysis into 10 mM sodium acetate, pH 6.0, using keratanase II (5 lU/lg proteoglycan) [25] . Incubation for both glycosidases was overnight at 37°C.
Agarose gel electrophoresis and immunoblotting
Proteoglycan preparations and their trypsin digestion products were analyzed by electrophoresis in 1.2% agarose gels [4] . Between 1 and 20 lg proteoglycan was used for analysis depending on the detection conditions. Routinely, proteoglycans were detected by direct staining of the gels with 0.02% Toluidine blue. In addition, proteoglycans or their fragments possessing either the CS1 domain or KS chains were identified by immunoblotting. The presence of CS or KS substitution was confirmed by pretreatment of the samples with chondroitinase ABC or keratanase II, Fig. 1 The structure of human aggrecan. Aggrecan is depicted as a central core protein with keratan sulfate (KS) and chondroitin sulfate (CS) side chains. The core protein possesses three globular domains (G1, G2 and G3), with the G2 and G3 domains being separated by a KS-rich domain and two CS-rich domains (CS1 and CS2) respectively. For immunolocalization, proteoglycans were transferred to derivatized nitrocellulose membranes by capillary blotting [12] . The nitrocellulose was derivatized by exposure to 1% cetyl pyridinium chloride, which generated a cationic membrane able to interact with the anionic GAG chains of the proteoglycans. Immunodetection utilized either a rabbit polyclonal antibody recognizing the CS1 region of the human aggrecan core protein or a mouse monoclonal antibody recognizing KS [17] . The anti-CS1 antibody was raised to the peptide GRIEWPSTPTVGELGC conjugated to ovalbumin [10] . This was followed by a second step biotinylated antibody recognizing either rabbit or mouse IgG, and subsequently a streptavidinhorseradish peroxidase complex. Finally, a chemiluminesent substrate was added and the reaction product visualized by exposure to X-ray film. Results are presented for a single individual and are representative of all adults studied in the present work.
Results
Proteoglycans were recovered as A1-preparations from the lumbar discs of two third trimester fetuses, two young adults (24 and 27 years), two middle-aged adults (both 56 years), and two elderly adults (76 and 87 years). The neonatal discs were not subdivided into AF and NP, and the A1-preparations accounted for 24 and 40 mg/g tissue ( Table 1 ). The yield increased in the young adult and declined with age in both the NP (98-17 mg/g tissue) and the AF (52-18 mg). The decline was greatest in the NP and resulted in the NP:AF proteoglycan ratio decreasing with age in the adult from 1.9 to 0.7.
The A1-preparations at each age were analyzed by agarose gel electrophoresis following trypsin digestion (Fig. 2) . Trypsin digestion results in cleavage throughout the human aggrecan core protein, with the exception of the CS1 domain which remains intact as it does not contain any lysine or arginine residues [7] . The CS1 domain can be resolved from fragments derived from the CS2 or KS-rich domains by virtue of its larger size and slower electrophoretic mobility. Toluidine blue staining revealed a three-component pattern at all ages, with the adults showing greater heterogeneity than the fetal samples. In all cases, the NP and AF preparations from the adult disc gave a similar pattern indicating a comparable degree of structural heterogeneity. Immunoblotting experiments revealed that the component of slowest electrophoretic mobility represents the CS1 domain (data not shown).
Analysis of adult A1-preparations revealed that the disc proteoglycan fragments derived by trypsin treatment are similar in electrophoretic mobility to those derived from an adult human articular cartilage aggrecan preparation, supporting their origin from disc aggrecan (Fig. 3) . Keratanase treatment resulted in the three component pattern becoming more distinct on gel electrophoresis, but with no absolute change in mobility. In contrast, chondroitinase treatment resulted in the generation of a single relatively broad component migrating near the position of the central CS-containing component prior to treatment. Since the only Toluidine blue staining material resistant to chondroitinase treatment is KS, it appears that KScontaining fragments account for the more diffuse staining of the proteoglycan preparations prior to keratanase treatment. These results support the concept that the majority of CS and KS are on separate fragments. By default, the more mobile Toluidine blue staining components after keratanase treatment correspond to fragments derived from the aggrecan CS2 domain.
Further proof of the segregation of CS and KS on the trypsin-generated proteoglycan fragments was obtained by immunoblotting following treatment with chondroitinase ABC or keratanase II (Fig. 4) . With respect to the CS1-derived fragment, chondroitinase treatment caused a shift in electrophoretic mobility compatible with the diminution in size expected upon removal of the CS chains, whereas keratanase treatment did not affect their electrophoretic mobility. In contrast, the electrophoretic mobility of the KS-containing fragments was unaffected by chondroitinase treatment. Identical results were obtained for To further analyze the adult disc proteoglycans, they were separated into aggregated and non-aggregated components by gel filtration chromatography. The non-aggregated components were divided into molecules of large or small size (AlVi1 and AlVi2, respectively). For the NP, the aggregated and non-aggregated proteoglycans represented 24-31 and 69-76%, respectively, of the total proteoglycan (Table 2) . For the AF, the aggregated and non-aggregated proteoglycans represented 41-43 and 57-59%, respectively. Thus non-aggregated proteoglycans were present in greater abundance than the aggregated proteoglycans, and their relative abundance was higher in the NP than the AF. Among the non-aggregated proteoglycans, the proportion of molecules of lower molecular weight was less in the AF than the NP.
Upon analysis of the trypsin-generated degradation products of the aggregated and non-aggregated proteoglycans, it was apparent that there was similarity in fragment heterogeneity (Fig. 5) . The large non-aggregated proteoglycans gave rise to CS1 and KS-containing fragments that were of analogous electrophoretic mobility to those derived from the aggregated proteoglycans. The small non-aggregated proteoglycans also domain is indicated, together with the gender (M or F) and age of the individual from whom tissue was obtained. The annulus fibrosus (A) and nucleus pulposus (N) proteoglycans were analyzed separately for all post-natal individuals Fig. 3 Comparison of adult articular cartilage and intervertebral disc proteoglycans. Proteoglycan A1-preparations from a 22 year old (cartilage) and a 24 year old (disc) were treated with trypsin and then analyzed by agarose gel electrophoresis. Proteoglycan fragments were identified by Toluidine blue staining either directly (-) or following treatment with chondroitinase ABC (CS'ase) or keratanase II (KS'ase). The migration position of the aggrecan KS-rich, CS1 and CS2 domains are indicated. Proteoglycans were isolated from articular cartilage (C), annulus fibrosus (A) and nucleus pulposus (N) Fig. 4 Analysis of GAG substitution pattern on intervertebral disc aggrecan. Proteoglycan A1-preparation from a 24 year old was treated with trypsin and then analyzed by agarose gel electrophoresis. Proteoglycan fragments possessing the aggrecan CS1 domain or KS chains were identified by immunoblotting. They were analyzed directly (1) or following treatment with chondroitinase ABC (2) or keratanase II (3) to determine GAG substitution. Proteoglycans from the annulus fibrosus (AF) and nucleus pulposus (NP) were analyzed separately gave rise to similar KS-containing fragments but were deplete in CS1-containing fragments. The Toluidine blue staining pattern indicated that fragments, equivalent in electrophoretic mobility to those derived from the CS2 domain of aggrecan, were present in all three proteoglycan populations.
Discussion
The present data support several concepts regarding the proteoglycans in the human intervertebral disc. First, they verify that the proteoglycan content is maximal in the young adult and declines thereafter. Second, they indicate that the age-related decrease in proteoglycan content in the adult disc occurs to a greater extent in the NP compared to the AF. Third, they indicate that the majority of disc proteoglycans exist in the non-aggregated form, with the proportion of non-aggregated molecules being greater in the NP than the AF. Fourth, they demonstrate that many of the disc non-aggregating proteoglycans are derived from aggrecan. Finally, they demonstrate that disc aggrecan does not possess KS in either its CS1 or CS2 domains.
The observation with respect to KS location is dependent on immunological detection of KS using an antibody whose epitope recognizes an over-sulfated region of the KS chain [14] . It would therefore be possible that some KS could elude detection if it were deplete in sulfation. Such KS chains may also show little ability to interact with Toluidine blue and may evade degradation by keratanase II. There is, however, no evidence to support the existence of such poorly sulfated polylactosamine chains on aggrecan, although short O-linked oligosaccharides analogous to the linkage domain of KS have been described [15] . The location of these oligosaccharides is not known. If one accepts that the KS is not present in the CS1 or CS2 domains, then one must also accept that the increase in KS chain length and number that occurs throughout life [27] is taking place mainly in the KS-rich domain of the aggrecan core protein.
The ability of the CS1 region to be isolated intact following trypsin treatment of aggrecan permits the absence of KS to be verified conclusively. Such is not the case with the CS2 domain, which is fragmented into multiple components. While the present results show that none of the CS-containing fragments from the CS2 domain contains KS, it could be argued that KS is present in this region, but at unique sites that are fortuitously separated by trypsin treatment. The protein sequence of the CS2 domain [7] makes this scenario extremely unlikely.
The present work suggests that the non-aggregating proteoglycans of the disc are derived from aggrecan, presumably by proteolysis, which is known to occur throughout life and is responsible for the heterogeneity A1 proteoglycan aggregate preparation, AF annulus fibrous, NP nucleus pulposus, Vo the aggregated proteoglycans eluting at the void volume on gel filtration, Vi1 the non-aggregated proteoglycans eluting in the first part of the included volume on gel filtration, Vi2 the non-aggregated proteoglycans eluting in the second part of the included volume on gel filtration of the aggregating proteoglycans [21] . Based on the current observations, it is likely that the larger nonaggregating proteoglycans contain both the KS-rich and CS1 domains of aggrecan. In contrast, the smaller non-aggregating proteoglycans contain either the KSrich or CS2 domain. It is not clear which proteinases are responsible for generating such fragments. While aggrecanases can separate CS2 fragments from a KSrich/CS1 fragment, they are not capable of separating the KS-rich domain from the CS1 domain [31, 32] . Such cleavage may, however, be possible by matrix metalloproteinases (MMPs). Both aggrecanase and MMP action are known to occur in the disc in vivo [8, 18] . Metalloproteinase action is also known to occur in articular cartilage throughout life resulting in proteolytic degradation of aggrecan [23] . Yet in this tissue large amounts of non-aggregating aggrecan degradation products do not accumulate, presumably due to their diffusion from the tissue into the synovial fluid. This raises the issue of why such loss does not occur in the disc. The most likely explanation is the large avascular nature of the disc, with the proteoglycancontaining central region being confined above and below by the vertebral end plates and circumferentially by the outer AF. Thus, there is no easy route for diffusion of aggrecan degradation products from the disc irrespective of whether they remain bound to hyaluronan or not. Presumably loss of proteoglycan does occur slowly from the disc (over decades) accounting for its decline in the elderly.
It is likely that as long as the non-aggregating proteoglycans remain in the disc, they may serve a functional role in resisting compression, as they maintain the fixed charge density of the tissue. Thus, the slow rate of progression of degenerative disc disease may not necessarily reflect a slow rate of proteolysis of aggrecan, but rather a slow loss of the aggrecan degradation products. Such limited diffusion could explain why the small non-aggregated proteoglycans are in lower abundance in the AF than the NP, as escape from the inner AF through the outer AF should precede similar escape from the NP. Escape via the vertebral end plates is unlikely from either region.
Finally, one should consider the consequences of the present data on the potential use of KS as a marker of the proteolytic events associated with disc degeneration. Because of the limited distribution of KS to the KS-rich domain of the aggrecan core protein, proteolytic release of KS from the proteoglycan aggregates will require cleavage in the G1, G2 or interglobular domains. Even then, the accumulation of aggrecan degradation products in the disc may prevent their release into the blood. It may require substantial collagen damage in the AF before proteoglycan fragments become available for bioassay, which may occur slowly over decades.
